We present high spectral resolution maps of near-infrared molecular hydrogen emission from the bipolar pre-planetary nebulae RAFGL 2688 and RAFGL 618, 
al. (1998) . Bad pixels were removed by calculating the running mean for 7 × 7 groups of pixels and replacing outliers in each pixel group with the running mean. For the RAFGL 2688 data, the reduced spectral images were stacked in declination according to the commanded telescope offsets, to produce a (RA, dec, velocity) data cube of H 2 emission.
Results

RAFGL 2688
H 2 position-velocity maps and selected spectra
Calibrated spectral images of RAFGL 2688 are presented in Fig. 2 . All four distinct H 2 emitting regions (hereafter referred to as the N, E, S, and W lobes) seen in the NICMOS image ( Fig. 1 ) are clearly detected in these spectral images (see, e.g., the dec = −1 ′′ panel). In addition, the large velocity gradients of molecular emission in RAFGL 2688 are readily apparent in the Phoenix data. The S lobe H 2 emission (top 4 panels of Fig. 2 ) is predominantly redshifted with respect to the systemic velocity of RAFGL 2688 (V sys ), with velocities ranging from ∼ −5 km s −1 to ∼ +30 km s −1 relative to V sys . The N lobe emission (bottom 4 panels) appears almost as a "mirror image" of the S lobe in terms of its velocity pattern, with emission predominantly at blueshifted velocities ranging from ∼ −35 km s −1 to ∼ +5 km s −1 relative to V sys . The velocity domains of the N and S lobes are well illustrated in representative spectra extracted from the images obtained at declination offsets of +4 ′′ and −4 ′′ , respectively (Fig. 3a) .
As expected from the known position angle (PA) of the polar axis of the system, PA ∼ 12 • (Weintraub et al. 2000) , the E lobe is detected between declination offsets of −3 ′′ and +2 ′′ , whereas the W lobe emission is detected between offsets of −2 ′′ and +3 ′′ . The position-velocity images obtained at these positions dramatically demonstrate the E-W velocity gradient previously detected in molecular emission line studies of RAFGL 2688, as do representative spectra extracted from the E and W lobe emission regions in the spectral image obtained at 0 ′′ declination offset -7 - (Fig. 3b) . That is, the E lobe is primarily blueshifted, whereas the W lobe is primarily redshifted.
As we discuss in more detail below, however, the E-W and N-S velocity gradients differ in detail.
In addition, the spectra in Fig. 3 illustrate that the H 2 line profiles of the E and W lobes are generally narrower than those of the N and S lobes.
The Phoenix spectral images also reveal velocity structure within the N, S, and E lobes.
In particular, the brightest emission from the S lobe is seen to migrate from lower to higher redshifted velocities moving inward (northward) from its tip at −5 ′′ in dec to −2 ′′ in dec. The N lobe exhibits precisely complementary behavior, with its brightest emission migrating from lower to higher blueshifted velocities moving inward (southward) from +6 ′′ in dec to +2 ′′ in dec.
The E lobe also shifts in central velocity with declination offset, migrating from larger to smaller blueshifted velocities moving from south to north (i.e., from −3 ′′ to +2 ′′ in declination offset). In contrast, the velocity centroid of the W lobe does not shift noticeably with declination offset.
H 2 data cube and velocity centroids
In Fig. 4 we display selected velocity planes from the H 2 data cube constructed for RAFGL 2688. The four principal "lobes" of H 2 emission are apparent again, with one pair oriented parallel (roughly N-S) and one perpendicular (roughly E-W) to the polar axis. The velocity gradients in the N-S and E-W H 2 lobe pairs are plainly evident in these images, with the N and E lobes blueshifted by up to ∼ 25 km s −1 and the S and W lobes similarly redshifted. As previously mentioned, however, the N-S and E-W H 2 lobe pairs differ in their detailed kinematic signatures, as we now further describe.
The polar H 2 lobes of RAFGL 2688 each display velocity gradients along the polar axis. This velocity gradient is apparent in the velocity-resolved images of RAFGL 2688 (Fig. 4) . At the most extreme blueshifted and redshifted velocity intervals, respectively, only those portions of the N and S lobes nearest the inferred position of the central star are apparent, whereas the outer regions (tips) of the lobes appear brightest at more moderate radial velocities. This trend is made more quantitative in a plot of the velocity centroid of H 2 emission as a function of position along the polar axis (Fig. 5 ). To construct this plot, we extracted spectra at each declination offset (see caption of Fig. 3 ). We then fit a Gaussian function to the H 2 line profile in each spectrum, to obtain the line velocity centroid. The resulting trend in the velocity centroids (Fig. 5) is easily anticipated based on the position-velocity images themselves (Fig. 2) ; i.e., relatively low velocity emission (∼ ±4 km s −1 ) is seen at the tips of the lobes, while the highest velocity emission in each lobe (∼ ±30 km s −1 ) is found nearest the position of the central star. This trend is remarkably similar to that observed in the position-velocity image of RAFGL 618 ( §3.2).
In contrast, images extracted from the data cube (Fig. 4) demonstrate that the E lobe displays a gradient from north to south, perpendicular to the line joining it to the central star's position. Specifically, note that in the image centered at −26.6 km s −1 , only the southernmost tip of the E lobe appears, whereas in the image centered at −0.7 km s −1 , the entire E lobe is present.
Hence, the Phoenix data appear to resolve kinematically the distinct emission components of the E lobe that are resolved spatially in the NICMOS H 2 image of RAFGL 2688 (Fig. 1) . The W lobe, meanwhile, does not reveal similar velocity structure, a result qualitatively consistent with its more localized appearance in the NICMOS image.
RAFGL 618
The Phoenix spectral image obtained for RAFGL 618 is displayed in Fig. 6 . Bright H 2 emission is detected along the entire polar axis of RAFGL 618. Spectra extracted from this image (Fig. 7 ) demonstrate that very high velocity H 2 emission (up to ∼ ±120 km s −1 in each lobe) is present in this bipolar outflow. Similarly broad line wings have been detected previously in millimeter-and submillimeter-wave molecular spectra of RAFGL 618 (e.g., Gammie et al. 1989; Neri et al. 1992; Meixner et al. 1998) . The H 2 spectra demonstrate unequivocally that -as is the case for RAFGL 2688 -the highest velocity molecular material is found closest to the central star of RAFGL 618. A similar result was inferred for RAFGL 618 by Gammie et al., based on the relative strengths of line wing emission in single-dish CO (2-1) and CO (3-2) spectra. We now construct a detailed, empirical model of the H 2 kinematics of RAFGL 2688. In formulating this model, we are guided by our observations that (1) the polar lobes are characterized by velocity gradients in which the fastest moving material is found closest to the star, and the slowest moving material is found at the tips of the H 2 emission regions; and (2) the H 2 emission seen projected along the equatorial plane contains a substantial velocity gradient east to west and a second, smaller velocity gradient in the E lobe that runs north to south.
Polar lobe H 2 kinematics
The Gaussian shapes of the spatially integrated H 2 emission line profiles of the polar lobes of RAFGL 2688 (Fig. 3a) are similar to the molecular emission line profiles detected in the radio regime from species such as CO and HCN (e.g., Bieging & Nguyen-Q-Rieu 1996) . The H 2 line profiles can be understood in the context of the detailed morphology of H 2 emission seen in the NICMOS image (Fig. 1) . In this image the N and S lobes appear as limb-brightened cavities. The emission peaks of the line profiles correspond to the brightest regions of the lobes -their limbs (i.e., outlines) -whereas the line wings are produced by emission from within the fainter lobe interiors, which is dominated by material in the near sides (blue wings) and far sides (red wings) of the lobes.
The peak of the line profile therefore indicates the line of sight component of the H 2 velocity at the lobe limb, and we can infer the deprojected N and S lobe H 2 velocities as a function of position given an estimate of i, the inclination of the polar axis of the system out of the plane of the sky. Previous results (Yusef-Zadeh et al. 1984; Sahai et al. 1998a) For simplicity, we assume this behavior can be described by an inverse power law of the form
for (RA, dec) offsets (∆α, ∆δ) that lie within 45 • of the projected polar axis of RAFGL 2688, where v 0 is the velocity at the tips of the polar lobes, v(∆α, ∆δ) is the observed radial velocity at projected angular radius r = ((∆α) 2 + (∆δ) 2 ) 1/2 from the central star, and i is the inclination of the polar axis out of the plane of the sky. Based on the foregoing discussion of line profiles, we make the further simplification that the polar H 2 emission is dominated by emission from the lobe limbs.
Equatorial plane H 2 kinematics
If one postulates that all of the east-west H 2 emission is confined to a narrow region along the equatorial plane, then a component of azimuthal velocity must be present in the material responsible for this emission. Such a structure might be analogous to that of the equatorial "skirt" observed in η Car (Smith, Gehrz, & Krautter 1998) . Although the kinematics of the two objects appear to differ in detail (Zethson et al. 1999) , the H 2 morphology in the NICMOS image ( Fig.   1 ) is consistent with the confinement of the H 2 -emitting material in RAFGL 2688 to the plane of the system: knot E2 is brighter than knot E4, as expected if the former is directed toward the observer and the latter is directed away from the observer; while E1 and E3, which mark the perpendiculars to the polar axis (see Weintraub et al. 2000, their Fig. 6 ), are of similar intensity, as expected if we view these structures through similar columns of intervening material.
We therefore assume that the equatorial plane H 2 kinematics consist of a combination of azimuthal (rotation) and radial (expansion) velocity components. We calculate these velocities from the relation v(∆α, ∆δ) = (v e sin φ + v r cos φ) cos i
Figure captions
1. HST/NICMOS image of 2.12 µm H 2 emission from RAFGL 2688 (Sahai et al. 1998a ).
Features identified E1-E4 by Sahai et al. are In the model (right), we set the equatorial expansion velocity at v e = 5 km s −1 and the equatorial rotation velocity at v r = 10 km s −1 (see §4.3). We display only those portions of the model velocity image for which the SNR in the HST/NICMOS H 2 image exceeds ∼ 5, and only those portions of the observed velocity centroid image for which the SNR in the velocity-integrated Phoenix H 2 image exceeds ∼ 3.
